Anthropogenic changes in climate, land use and disturbance regimes, as well as in- 27 troductions of non-native species can lead to the transformation of many ecosystems. 28 The resulting novel ecosystems are usually characterized by species assemblages 29 that have not occurred previously in a given area. Quantifying the ecological novelty 30 of communities (i.e. biotic novelty) would enhance the understanding of environmen-31 tal change. However, quantification remains challenging since current novelty met-32 rics, such as the number and/or proportion of non-native species in a community, fall 33 short of considering both functional and evolutionary aspects of biotic novelty. Here, 34 we propose the Biotic Novelty Index (BNI), an intuitive and flexible multidimensional 35 measure that combines (1) functional differences between native and non-native in-36 troduced species with (2) temporal dynamics of species introductions. We show that 37 the BNI is an additive partition of Rao's quadratic entropy, capturing the novel inter-38 action component of the community's functional diversity. Simulations show that the 39 index varies predictably with the relative amount of functional novelty added by re-40 cently arrived species, and they illustrate the need to provide an additional standard-41 ized version of the index. We present a detailed R-code and two applications of the 42 BNI by (1) measuring changes of biotic novelty of dry grassland plant communities 43 along an urbanization gradient in a metropolitan region and (2) determining the biotic 44 novelty of plant species assemblages at a national scale. Results illustrate the ap-45 plicability of the index across scales and its flexibility in the use of data of different 46 quality. Both case studies revealed strong connections between biotic novelty and 47 increasing urbanization, a measure of abiotic novelty. We conclude that the BNI 48 framework may help in building a basis for a better understanding of the ecological 49 and evolutionary consequences of global change. 50 51 Ecological novelty has received growing attention in the recent literature (e.g. Hobbs 63 et al. 2006; Heger et al. 2019) focusing on novel organisms (Jeschke et al. 2013),
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about which traits to include and how to weigh them depends on the purpose to 185 which the index will be applied and should rely on expert knowledge of the system 186 (Laliberté & Legendre 2010) . Traits can be continuous (e.g. leaf nitrogen concentra-187 tion), binary variables (e.g. legume or non-legume) or categorical (e.g. flower color). 188 Distance measures calculate the difference between pairs of species based on their 189 characteristics (e.g. functional traits). There are many distance measures to choose 190 from, but two are most commonly used on trait datasets: the Euclidean distance and 191 the Gower distance (Laliberté & Legendre 2010) . The Euclidean distance is calculat-192 ed on complete and continuous trait datasets, and emphasizes absolute differences 193 (Poos et al. 2009 ), while the Gower distance has the advantage that it allows incom-194 plete data sets and mixed (categorical, ordinal, continuous) data types (Gower 1971; 195 Laliberté & Legendre 2010).
196
The temporal coexistence component 197 In the BNI, pairwise trait distances are weighted by a pairwise temporal coexistence 198 coefficient. The first step in calculating this coefficient is to define whether each spe-199 cies belongs to the historical native species pool or not. Second, we use information 200 such as first records (or time of establishment) of the non-native species in the local 201 region. This information can be obtained either from publications (e.g. Seebens et al. 202 2017 collected first records of alien species worldwide: http://dataportal-203 senckenberg.de/database/metacat/bikf.10029/bikf), regional databases (e.g. the Bi-204 olFlor database for plants in Germany, Klotz et al. 2002) , or expert knowledge. For 205 native species, time of establishment needs to be estimated as well (e.g. for many 206 plant species in Central Europe a reference to the end of the last glacial period will 207 be reasonable). From this information, the residence time for each species is calcu-208 lated. The residence time tells us how many years before today each species was 209 introduced or had been established. For example, a species that was introduced in 210 1719 has a residence time of 300 years in the year 2019 (the current year). Next, 211 resident times are normalized between the oldest residents (i.e. native species) and 212 the newest arrivals, bringing them into the range [0,1] by the following calculation: be constructed with the same dimension as the trait distance matrix described before.
234
The values of the temporal matrix range between 0 and 1 (due to the normalization 235 step given in equation 2) and functions as weighting factor for the trait distance ma-236 trix. In this way, trait differences between species with low coexistence time are 237 weighted heavily, whereas trait differences between species coexisting for millennia 238 (such as a pair of native species) will be given no weight in the BNI.
239
The BNI as a framework 240 The BNI is in essence the sum of two components: the mean functional distance be-241 tween novel species in the community, and the mean functional distance between 242 native and novel species. Furthermore, we can show that the BNI is an additive parti-243 tion of Rao's Q (see supplementary material S1 for details Simulations showed that the BNI varies broadly with the proportion of non-native 396 species and with the size of trait differences between species (Fig. 3) . Overall, as 397 long as neophytes made up less than 50 % of the relative abundance of species in 398 the community, the BNI increased monotonously as more neophytes were added.
399
Beyond this point, however, the BNI did not always increase with the proportion of 400 neophytes. Its behavior depended on how much pairwise trait variance the neo-401 phytes were bringing to the community, relative to the resident species.
402
In scenario 1, when neophytes were not on average functionally different from na-403 tives, the BNI increased monotonously with the proportion of neophytes (Fig. 3a) .
404
This is because, in this scenario, the mean pairwise trait differences (i.e. Rao's Q) remained constant, while the contribution of neophytes increased with their relative 406 abundance in the community. The BNI simulation curve tended to saturate at high 407 neophyte proportions as new neophyte species were less likely to add new trait dif-408 ferences.
409
In scenario 2 and 4, when neophytes were on average functionally different from the 410 residents, the simulated BNI often showed a humped-shaped curve, with a maximum 411 at intermediate proportions of neophytes ( Fig. 3c, g) . This pattern is due to the fact 412 that the BNI is based on mean pairwise differences between species, which reaches 413 its maximum when one half (i.e. the neophytes) of the community is different from the 414 other (i.e. the resident species). A similar pattern could be observed for Rao's Q (de-415 tails provided in supplementary material 2). Beyond this mid-point, the amount of trait 416 variance among the neophytes (SDneo) determined the behavior of the BNI. As illus-417 trated in scenario 3 and 4 (Fig 3e, g) , as long as the trait values of the neophytes 418 were more variable than those of the resident species (SDneo > SDresidents, with SDresi-419 dents = 1), the BNI increased monotonously with the proportion of neophytes and the 420 amount of variance in neophyte traits. On the other hand, if neophytes had a lower 421 trait variance (i.e. they were more similar amongst themselves) than the residents 422 (SDneo < SDresidents), then the BNI tended to decrease with the proportion of neo- pressed as Rao's Q), we also identified a positive relationship with the sealed surface 449 area (R 2 = 0.08, P = 0.040, Fig. 4c ), but less strong than the one for the BNI. Finally,
450
we investigated how the BNI varies independently of the variation in Rao's Q by cal-451 culating the standardized version of the BNI. The standardized BNI (BNIs) showed a 452 similar relationship with the sealed surface area (R 2 = 0.14, P = 0.004, Fig. 4d ) than 453 the non-standardized BNI.
aspects of biotic novelty than the plain number and/or proportion of non-native spe-553 cies.
554
Our analyses also showed a strong relationship of the BNI with Rao's Q. This was 555 expected, given that the BNI is actually an additive partition of Rao's Q (see supple- native species (Fig. 5d ).
567
Further, by applying the standardization of the BNI (the BNI in proportion to Rao's Q), 568 we showed in the first case study that the BNI was not driven by the inherent varia-569 tion in functional diversity along the urbanity gradient (since BNI and BNIs varied to a 570 very similar extent along the gradient). As shown in our methods section, this stand-571 ardization of the BNI can be easily applied by the user for a validation of the BNI re-572 sults.
573
The second case study demonstrated the applicability of the BNI to nationwide da-574 tasets. The grid-cell map showed that areas of very high novelty of vascular plant 575 species were predominantly concentrated in and around urban areas in Germany, 576 which is partially in line with former nationwide assessments of vascular plants in 577 Germany (Kühn et al. 2004 ) and the UK (Botham et al. 2009 ). These studies de-578 scribed that neophytes were very strongly associated with urban land cover, but do 579 not appear to be spreading out of urban habitats into the wider countryside. Our find-580 ing that the BNI is also higher around urban areas might be due to spread of novel introduced non-native plants (neophytes). Scenarios explore different parameters (mean and 873 SD) of the normal distribution from which species traits for neophytes were sampled. In the 874 first scenario (a, b), traits of native and non-native species follow the same normal distribu-875 tion (trait mean = 0, SD = 1). In scenario 2 (c, d), the mean trait values of neophytes are in-876 creasingly different from the natives (colors represent variation in neophyte trait mean from 0 877 to 10; SD = 1). In the third scenario (e, f), natives and neophytes have the same trait mean 878
(mean = 0), but neophyte trait SD increases from 0 to 10. In the fourth scenario (g, h), both 879 the mean and SD of neophyte trait distributions increase together from 0 to 10 and 0 to 5, 880
respectively. Lines represent LOESS regressions fitted on the 100 simulated points corre-881 sponding to one simulation run. 882 
